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PREFACE 


_ALTHOUGH steel angles are extensively used in structural 
framing, there are important factors affecting the stresses 
in such members that are not commonly considered in analyses 
which are made for purposes of design. This volume has 
been prepared in the hope that it may serve to indicate the 


nature of some of these factors, and that it may furnish the 


*. 
. 


means for their consideration in practical problems. 

On account of lack of symmetry of the section, the product 
of inertia is involved in the computation of bending stresses, 
but the ordinary structural handbooks do not include values 
of this element. The author has computed the values of 
the products of inertia for commercial angles 2 by 2 inches 
and larger, which values are included in Table I and Table II 
at the back of the book. 

The section modulus polygon, which is a very useful 
device for studying and for determining the flexural stresses 
in unsymmetrical sections, is explained, and for commercial 
angles 2 by 2 inches and larger coordinates for the vertices 
of the polygons are given in Table ITI. 

The subject of end connections and their efficiency is 
considered, and in Table IV and Table V are given a consid- 
erable number of values of efficiency, of equivalent effective 
area, and of total tension allowable for a maximum unit 
stress of 16,000 pounds per square inch, computed in accord- 
ance with the method which is outlined in the text. 

Tae We 


Tucson, ARIZONA, 
January 1, 1917. 
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i. STRESSES IN 
STRUCTURAL STEEL ANGLES 


1e THEORY AND DISCUSSION 


Art. 1. Relation between Bending Moment and 
Flexural Stress * 


For asymmetrical section, with the plane of loading coin- 
cident with one of the principal axes of the section, the relation 
between the bending moment and the bending stress at an 
extreme fiber is 


(EE =) he by lta 


in which f=unit stress at the extreme fiber, due to bending; 
M=bending nioment at the section under consid- 
eration; 
I =moment of inertia of the section; 
y=distance from extreme fiber to a line through 
the center of gravity of the section, the line 
being taken coincident with or parallel to 
the neutral axis of the section. 


te : : : 
The value of — is a constant for any given section and is 
y 
ordinarily called the section modulus or section factor. If 
* For an excellent treatment of this subject, see “‘ An Analysis of General 


Flexure in a Straight Bar of Uniform Cross Section,” by Professor L. J. John- 
son, Trans, Am. Soc. C. E., Vol. LVI, p. 169, 1906. 


4 oe 
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the letter s is used to designate the section modulus, Eq. (1) 
becomes 


fae. och, Rete ae 


If di is retained as the value of the section modulus, Eq. 


4 

(2) will be applicable only for those conditions which obtained 
for Eq. (1), viz., for symmetrical sections, with the planes of 
loading coincident with principal axes of the sections con-~ 
sidered. However, a more general value of the section mod- 
ulus can be derived, which, if used in Eq. (2), as the value 
of s, will make this equation applicable to any section, whether 
symmetrical or unsymmetrical, and for a plane of loading 
extending in any direction from the center of gravity ofthe 
section. The term section modulus, unless otherwise spe- 
cifically stated, will be used to designate the general value, 
and for any case of pure flexure the extreme fiber stress will 
then be equal to the bending moment at the section divided 
by the section modulus. 


Art. 2. Expressions for the Section Modulus 


For any given section subject to bending stresses, let the 
rectangular axes of reference, 
E a X—-X and Y-Y, be taken with 
their origin at O, the center of 

n gravity of the section, as indicated 
in Fig. r. Let OP be the plane 
of loading and nn the neutral 
axis. (It is frequently assumed 
that the neutral axis is perpen- 
dicular to the plane of loading, 
but this is not true for the general 
case.) Then the general expression for the section modulus is 
Ae ieee G) 

(I, sin 0—J cos 6)y+(, cos 6—J sin 6)” * : 


Y 
leet i 
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- inwhich  s=section modulus of the section for the partic- 
ular plane of loading; 
I,,=moment of inertia of the section about X—X; 
I,=moment of inertia of the section about Y-Y; 
J =product of inertia of the section for axes X—X, 
Y-/; 
x, y=coordinates of the extreme fiber; 
9=angle from OX to OP (see Fig. r). 


For certain special cases Eq. (3) can be simplified. Thus, 
for any section which is symmetrical about either axis, J be- 
comes zero, and the expression for the section modulus 
becomes 

1a 
——— 5 
I, sin 6-y+ZI, cos 6% 


(4) 


For a symmetrical section for which the plane of loading 
coincides with Y-Y, 0 becomes go degrees and the expression 
for the section modulus becomes 

is 
i. So Ue a aatcine are Se 15) 
“FP y 
For a symmetrical section for which the plane of loading 
coincides with X—X, @ becomes zero and the expression for the 
section modulus becomes 


oe abe ee Ce eee) 
x 

In order to derive the expression for the section modulus 
__ which is given in Eq. (3), let the section be indicated by Fig. 1, 
x’, y’ being the coordinates of any infinitesimal area (dA), 
and a being the angle which the neutral axis (mm) makes with 
X-X. WM is the bending moment for which the plane of 
action is OP, and the other quantities are as defined under 

Eq. (3). 
For a combination of bending and direct stress the neutral 
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axis will not pass through the center of gravity of the section, 
but since the resultant stress can in this case be obtained by 
combining the stresses obtained for pure flexure and for 
axial loading, the derivation of the section modulus will be 
made for the case of pure flexure, for which the neutral axis 
will pass through the center of gravity. 

For any point for which the coordinates are «’, y’, the 
distance of the point from the neutral axis is (y’ cos a—«’ sin a). 
Therefore, if the stress is proportional to the distance from 
the neutral axis, 


f’ y' cosa—x’ sina () 
f > V.ces a= sin. a. 2° ae 


in which f’=unit stress at the point for which the coordinates 
arene ye: 
f=wunit stress at a point for which the coordinates 
are x, Y, or since x, y, are the coordinates the 
extreme fiber, f is the extreme fiber stress. 


The bending moment may be resolved into two com- 
ponents, one of which acts in the plane of OY and the other 
in the plane of OX. Also, for equilibrium, the component 
of the moment which acts in the plane of OY must be equal 
to the sum of the moments of the stresses about the axis X—X, 
and the component of the moment in the plane of OX must 
be equal to the sum of the moments of the stresses about the 
axis Y—Y, or using for any stress the value of f’ obtained 
from Eq. (7), 

M sin a= f'y'dA 
EO OeOR, Myf re 
Ryan fo (y’ cosa—x’ sina)dA, . (8) 
and 
M cos a= ff'x'dd 
es Sais feo" cosa—«’sina)dA. . (9) | 


y COSa—x Sina 


- 
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Eqs. (8) and (9) may be simplified by substituting for 
f (y’)?dA its equivalent J,, for (h (x’)*dA, its equivalent J,, and 


~ for f x'y’dA its equivalent J. Then, by equating the value 


of f obtained from Eq. (8) to the value obtained from Eq. (0), 


sin 0 . cos 6 ae) 
I,cosa—J sina Jcosa—I, sina’ 
ftom which 
I,—J tan 6 
tan a = ———_.. 
“JI, tan 6 ee 


he ; : M 
By substituting the value of tan a in Eq. (9), solving for - 


and by substituting for a its equivalent s, the value obtained 


for the section modulus is that which is given in Eq. (3). 


Art. 3. Product of Inertia 


The product of inertia (J), which is involved in the gen- 
eral equation for the section modulus, may be defined by the 
mathematical expression, 


aS | Oe OA Me tow yt) oe ED) 
in which 2’, y’, are the coordinates of any infinitesimal area 
(dA). 
Also 


Tee Sita Rhee oY Ga error (2h 


in which J=product of inertia for any given rectangular 
axes; 
J -g=product of inertia for parallel axes through the 
center of gravity; 
A =area of the section; 
k, h=coordinates of the center of gravity with ref- 
erence to the given axes for which J is 
desired. 
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For any symmetrical section J,, is zero, or for such a 
section J becomes Akh. 

The product of inertia may be 
either a positive or a negative 
quantity. For an angle the value 
of J will be positive for axes taken 
as shown at a and d of Fig. 2, 
and the value will be negative 
for axes, as shown at 0 and c of 
the same figure. 

ries The numerical values of J for 

structural steel angles are given 

in the tables at the back of the book, to which the proper sign 
must be applied for each particular case. 


Art. 4. Section Modulus Polygons 


If, for any given section, the values of the section modulus 
are computed for values of @ from o to 360 degrees, and if 


OUE 


Fie. 3.—Types of Section Modulus Polygons. 


these values are plotted as radii vectors, the outline of the 
resulting figure will be a polygon, having a side for each salient 
angle of the polygon which bounds the section. For some 
common sections the general forms of the corresponding 
section modulus polygons are indicated in Fig. 3. 


a 


ow 
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Having the section modulus polygon for a given section, 
the value of the section modulus may be obtained by scaling 
the radius vector corresponding to the plane of loading. For 
example, for the rectangular section indicated at a of Fig. 3, 
the vector OK is the graphical representation of the section 
modulus for the plane of loading OP, and the bending stress 
at the vertex B is obtained by dividing the bending moment 
by this value of the section modulus. It will be observed 
that by using the section modulus polygon, not only is the 
required section modulus readily obtained, but also, the lines 
of the polygon which are intersected by the line of direc- 
tion of OP indicate the points of the section at which the 
critical bending stresses will occur. 

In order to plot the section modulus polygon for a par- 
ticular section, the coordinates of each vertex of the polygon 
may be determined, and the polygon can then be drawn by 
connecting each two successive vertices with a straight line. 
If x,, Yq are the coordinates of a and %, y,, the coordinates of 
b, two successive vertices of the polygon which bounds the 
section, the coordinates %, Ya, of the vertex of the section 
modulus polygon corresponding to the side*ad of the section 
will be, 


a PA FY tery 
step = tt 2») J — (Va Yo\y MR eds 08) 
XaVo — XoVa 
Xa—Xp) Le — (Va — Vo) J 
ieee ) © ye) Shake olan omits (15) 


XaVo a XvVa 
If ab is parallel to X—X, 


eee . . . . . . . (16) 


Va =—. ciate uante Eke. f0\. Gis’ te (17) 
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If ab is parallel to Y-Y. 


was =i 


a 


lbgek 2 


An inspection of Eqs. (14) to (19) will show that for 
many cases the vertices of the section modulus polygon can 


: : I I : 
be easily located, since the values of — and = can be obtained 
y % 


from handbooks, for structural sections, and since J is zero 
for symmetrical sections, which includes I-beams, channels, 


j 
; 
s 
: 
4 
f 
ft. 
, 


*' 
Age pel 
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and tees. For angles, Eqs. (14) and (15) may be used, but 
in order that the users of this book may avoid this labor, the 


- coordinates have been computed and are tabulated at the 


back of the book for the commercial sizes of steel angles, and 
for variations in thickness of 4 inch. For thicknesses in odd 
numbers of sixteenths of an inch, the values of the coordinates 
may be obtained by interpolation. 

A typical-section modulus polygon for an angle is shown 
in Fig. 4. If OP represents the direction of the plane of 
loading, the two points at which critical stresses will occur 
are 5 and d of the angle, but if the plane of loading is shifted 
to OP’ the points of critical stresses will be a and d. 

_ The most advantageous plane of loading is that for 
which there is the greatest sec- 
tion modulus. For an angle used 
as a purlin, for a vertical load, 
a study of Fig. 4 will show that 
the purlin should be set as indi- 
cated at a of Fig. 5, not as shown 
at b. 

It will be observed that for an angle in tension or com- 
pression, the application of the load at the gauge line is not 
far from the most advantageous point of loading. 


Art. 5. Neutral Axis 


For pure flexure the neutral axis will pass through the 
center of gravity of the section, assuming some direction, as 
for example sim (Fig. 1), which direction will depend upon 
the plane of loading and upon the section, but the neutral 
axis will not necessarily be perpendicular to the plane of 
loading. 

In Art. 2, the relation of a to 6 (see Eq. 11), was 
obtained in the derivation of the expression for the section 
modulus. 
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This equation and two of its equivalent forms are: 


fae ie OS) 


t = 
ae J—I, tan @ 
I, cot 0=J 
tan a = ——__—_ Stl ee Pom 
eT cot bj 1;. (21) 
x or 1 6 | 
fe aie cos @—J sin eh 


US cos'6— EF, sins: 


For a combination of flexure and direct loading the 
neutral axis will not pass through the center of gravity of the 
section, but it will be parallel to the position which it would 
have for pure flexure, and the distance between the two par- 
allel lines will be, 


(y cos a—x sin a) 


nee 
A ie 


(23) 


in which v=distance from the neutral axis to the center 
of gravity; 
F =total stress acting normal to the section; 
A =area of the section; 
f=unit stress at the extreme fiber due to flexure; 
x, y=coordinates of the extreme fiber; 


a =angle which the neutral axis makes with X—X. 


By the use of Eqs. (20) to (23) the position and the direc- 
tion of the neutral axis can be determined, but by the use of 
the section modulus polygon these computations can usually 
be avoided for practical problems. For example, consider an 
I-beam, as indicated in Fig. 6. For a loading in the plane 
OP, the section modulus is represented by the line from O to 
the vertex ab. Had the plane of loading intersected the sides 
a and c of the polygon, the critical stresses would have been 


at A and C of the beam, and had the plane of loading inter- . 


a a 


— = a = 


cid , f 


THEORY AND DISCUSSION 11 


| sected the sides 6 and d of the polygon, the points of critical 


longing the side c to c’, Oc’ is 
- obtained which is the section 


stress would have been B and D, but since the plane of loading 
passes through the vertex ab the bending stresses at A and B 
are equal, or the neutral axis must be parallel to the line 
joining A and B. Also, if the 
_ plane of loading, for pure flexure, 
is parallel to a side of the sec- 
tion modulus polygon, the neu- 
_ tral axis will intersect the corre- 
_ sponding vertex of the section. 
As another example, let the 
plane of loading be taken” as 
OP’ (Fig. 6). The line Ob’ now 
represents the section modulus 
for the point B, and by pro- 


- modulus for the point C of the 
beam. The bending stress at 


_ B is to the bending stress at ae, 
mc as OC’ is to Ob’. Since the 


stress is proportional to the distance from the neutral axis, 
- the distance from C along the prolongation of the line join- 
ing B and C to the point NV at which the neutral axis for 


pure flexure is intersected, will be, 


COIN ie gong Men ee (BA) 


To observe the conditions which obtain for the angle, 
consider the section and polygon shown in Fig. 4. It will be 


seen that when the plane of loading coincides with OG the 


section modulus for the side DE of the angle is represented 
by the line from O to the vertex de of the polygon. Since the 
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plane of loading (OG) intersects the vertex de, the neutral axis me | 


must be parallel to DE of the section, as has been explained 
for the case of the I-beam. However, while for the I-beam 
the neutral axis happened to be perpendicular to the plane 
of loading, in the case of the angle such an assumption is not 
even approximately correct. A study of the angle and its 
polygon will show that if the plane of loading coincides with 
OY, the stresses at D and at E, for pure flexure, will be of 
opposite sign, since the lines d and e of the polygon cut the 
plane of loading on opposite sides of O; or, for pure flexure 
with OY as the plane of loading the neutral axis will inter- 
sect the side DE of the angle within the limits of the section. 
As the plane of loading shifts from OG to OY the change of 
sign for the stress at E will occur when the neutral axis 
passes through £, and the neutral axis will intersect E when 
the plane of loading ‘is parallel to the side e of the polygon. 


Art. 6. Plane of Loading 


For those cases in which the member is restrained from 
bending in some direction, the determination of the equiva- 
lent plane of loading may require some study. If the char- 
acter of the restraint determines the direction in which 
bending must occur, then the position of the equivalent plane 
of loading can be determined by noting the direction of the 
neutral axis. Since the deformation is proportional to the 


distance from the neutral axis, the neutral axis must be 


parallel to the line joining any two points whose deformations 
are equal in amount and of the same sign. In such a case 
tan a becomes a known quantity, and the position of the 
equivalent plane of loading may be computed by the use of 
Eqs. (20) to (22). From Eq. (20) the corresponding equation 
for @ becomes 3 


I,—J tana 


tan) = SS eee 
J—I, tana (25) 
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For practical purposes the section modulus polygon may 
be used to determine the equivalent plane of loading, avoiding 
the necessity for using Eq. (25). For illustration, consider 
again the angle and its section modulus polygon, shown in 
Fig. 4. When the neutral axis is parallel to DE of the angle, 
the section modulus is represented by the line from O to the 
_ vertex de, or if the angle is riveted to a connection plate along 
_the face DE, the angle being restrained from rotation parallel 
to the plate, and if the point of application be taken at the 
face of the connection plate, then the equivalent point of 
application of the load is G. If the gauge line, and, there- 
fore, the actual point of attachment, is at H, the restraining 
couple which is called into action will have a moment arm 
- equivalent to GH. It is sometimes thought that complete 
restraint parallel to the connection plate implies the exist- 
ence of a couple having a moment arm equivalent to MH, 
but this is not the case; complete restraint parallel to the 
connection plate will move the equivalent point of applica- 
tion from either M or H to G, or, rather, the equivalent 
plane of loading to the plane OG. When the neutral axis 
is parallel to DE it will also be parallel to BC, and hence, the 
plane of loading which includes O and the vertex de must also 
pass through the vertex 0c, 


Art. 7. Combined Stresses 


In determining the critical stresses for a combination 
of direct tension or compression with flexure, the usual 
methods may be used, substituting the correct value of 
the section modulus for the more commonly used special 
value. 

For a member which is short enough to be considered as a 
prism, 


pea re iu 2 ve 4 (26) 


ve i SP a a uae ee 
> age 
, a= £ é 
. » is. 
oi 
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in which f=unit stress due to both flexure aa direct load; — 
F =total load or force normal to the section; 
A =area of the section; : 
M =bending moment at the section; 
s=section modulus. 


If the bending moment (M) in the last equation is due to 4 
an eccentricity (e) of the force (F), then, 


=F (1442). i Soe on | 


For a slender member, subject to both direct loading and 
bending, the following formula is applicable, and will be found ~ 
convenient on account of its wide range of application: 


F M 
J=q+ FL? ) (28)  - 
KEz 
in which M=bending moment neglecting the increment of — 
the moment which is due to the deflection of 
the member itself; 
L=length of the member (in inches if A is in square | 3 
inches) ; 
E=coefficient of elasticity of the material; 
z=distance from the extreme fiber to a line through 
the center of gravity of the section, parallel — 
to or coinciding with the neutral axis; 
K=a constant, the value of which is 9.6 for a simple — 
beam uniformly loaded and 12 for a simple — 
beam with a load at the center, and for which ~ 
the value ro is suggested for general purposes = 
of design, 


Na 


Other quantities in the last equation are as defined under 4 
Eq. (26). 4 
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In Eq. (28), the negative sign is used in the denominator 
for compression and the positive sign for tension. 

The stress computed by Eq. (28) will be the stress at the 
point of maximum deflection, which for a member in com- 
pression will evidently be the critical stress, but for a member 
in tension the deflection reduces the eccentricity at the mid- 
length, and for this case the critical stress will usually be 
at an end section. For the stress at the end section, the com- 
putation may, in general, be made by use of Eq. (26), but 
for angles the increase in stress on account of the outstanding 
legs may need special consideration, 


Art. 8. Flexure for Angles in Pairs 


The case of two angles of the same section, riveted together 
at frequent intervals, and subjected to bending in a plane 


‘BC 


E D| 


O O © O 


es 7E 


parallel to the connected legs, is indicated in Fig. 7. For 
such a condition the restraint which each angle exerts upon 
the other may be assumed to produce a deflection in the plane 
of bending and the neutral axis may be assumed to be per- 
pendicular to the connected legs. The loading for each angle 
will then be equivalent to some loading in a plane passing 
through O, the center of area of the section, and through the 
vertices bc and de of the section modulus polygon, which is 
indicated for each angle in Fig. 8. Let m denote the bending 
moment for one angle, which if acting in the plane of O, bc, 
and de would produce the same deformations as those which 
result from the actual loading for the pair of angles. The 
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actual moment must be equal to the resultant of the two 
moments m, or . 
M2247 S0, a eee (29) 


in which M =actual bending moment for the pair of angles; 
m=equivalent bending moment for one angle; 

6=angle which the plane for m makes with the 

neutral axis for the pair of angles, 


ee rena 
6 


de 


Hrai8: 


The bending stress for each angle is equal to m divided by 
the section modulus in its plane, or 


faaoee ‘tated foo Ge a 


~ 2s sin 0” 
in which /=unit stress at the extreme fiber; 
s=section modulus for the plane of m. 


In Eq. (30), the value of s sin 6 may be considered as the 
equivalent section modulus for one angle of the pair for half 
of the total vertical load. For the case illustrated, this value 
is equal to the y-coordinate of bc, for the edge BC of the angle, 
or to the y-coordinate of de for the edge DE of the angle. 
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Thus, for angles in pairs, the equivalent section modulus for 
one angle can be obtained directly from a table of coordinates 
of section modulus polygons. However, even this is unnec- 
essary if a table of properties of sections is at hand, for the 
values of the coordinates in question are each obtained by 
dividing the moment of inertia by the distance from the 
neutral axis to the extreme fiber. In other words, the stress 
for the pair of angles, for bending in the plane of symmetry, 
may be computed as for a single symmetrical section, provided 
the two angles are firmly attached to each other.. For the 
case shown in Fig. 7, independent action upon the part of 
each angle would tend to crowd the angles toward each other 
at the midspan. 


Art. 9. Transfer of Stress by Shear to an Outstanding Leg 


| In a member consisting of one t 

or more angles, the critical stress ' 

is likely to occur at a section near ee ha 

the connection of the member to auc ees 
‘one of its connection planes, par- 4 ' 
‘ticularly in the case of tension 4 
“members. At such a section there q P + 
may be considerable variation in n 

‘the distribution of the stress, due Sree filles ees 
to a difference in the deformations | ee? 
of the connected and the out- eval ise a 
standing legs of each angle. In EMS 

order to make an approximate 

determination of the stress dis- ~~ TI] I] | | oy, 


tribution, due to the transfer of 


stress to the outstanding leg by ay 
shear, consider the case. shown in | , 
Fig. 9, in which there are two ass 


angles connected to opposite sides 
of a connection plate. In this case the stress at a section 


et : wes Ry 
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taken at the middle of the length of the member will be 
assumed * to be uniformly distributed, but at the end of the 
member the point a is subject to slightly less deformation than _ . 
the point 6. Ifit be assumed that the stress increases at am 
uniform rate from zero at point a to the average unit stress at 
the center of the length of the member, then at any section 
distant x from the point a the unit stress at the extreme fiber 
of the outstanding leg will be 


7 3 43 


in which /’=unit stress at the extreme fiber of the outstand- — 
ing leg; _ 

x=distance from the end of the angle to the sec 
tion at which f’ is taken; 
L=length of the angle; . 
- F=total stress or force acting lengthwise of the — 

angle; 

A =area of cross-section of the angle. 
Also, let f be the unit stress in the connected leg of the — 


angle at the section at which’ is taken. Then, for equilibrium 
at the section x distant from the end of the angle, 


=HTP)Ai+fde, . 2... Ga 
in which A; =area of the outstanding leg; 
A,=area of the connected leg. 


Or, substituting the value of f’ from Eq. Gr) i in Eq. (2), 
and solving for f, 4 


eo yite = oea tae eee (33) 


* The reasonableness of the assumptions of this article will be better under- _ 
stood by a study of the results of tests by Prof. Cyril Batho, reported in an 
article on “‘ The Effect of End Connections on the Distribution of Stress i in a 
Certain Tension Members,” Journal of the Franklin Institute, August, IQI5.— 


aes 
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Art. 10. Efficiency of End Connections 


The efficiency of a member may be taken as the relation of 

the average to the maximum stress, or if, in Eq. (33), « is taken 
so that f will be the maximum stress, the equation for the 
efficiency for the transfer of stress by shear to the outstanding 


leg will be, 
A+A 
el BE .) na aetna CY , 


in which £; is the efficiency, and the other quantities are 
as defined under Eqs. (31) and (32). 


In place of the areas A; and A2 the widths of the legs of 
the angle may be used. Using él; for A; and fls for A», the 
equations corresponding to Eqs. (32), (33), and (34) become 


Anthl=l0+/ hth, . - . Gs) 
or 
x 
joe hth—Fh 6) 
CA Shou eae Cae 
and 
peas 
E\=- =a. . A OPE 5 (37) 
hth—Fh 


For use in designing, the critical section will usually be 
taken through the connection -rivet or rivets most distant 
from the end of the angle, in which case the net areas of the 
legs will be used for Ai and Ag, or in Eqs. (35), (36) and (37), 
the values of the widths of legs must be corrected to their net 
values. For such a case the equations become 


Ath +ba]=2(f+s')h—md) +f(b—mad), . (8) 
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or 

Wt 2 ee 

fou a (39) 

A l, +2le—nid—2Nned ; = 


and: 
= I ly + 22 aoe nid — 2ned 


Ba x x , 
5 h+h- qat qn 


(40) 


in which /=maximum unit stress at the critical section; 
E, =efficiency of net section relative to gross section; 
1, =width of the outstanding leg;* 
Iz = width of the connected leg;* 
m,1=number of rivet holes in the outstanding leg 
which are cut by the critical, section; 
nz =number of rivet holes in the connected leg which 
are cut by the critical section; 
d=diameter of each rivet hole; 
x =distance from the end of the angle to the crit- 
ical section; 
L=total length of angle. 


For a connection with lug angles, the length of the lug 
Ios ee : 
may be added to both w and —, in the equations just given, but 
2 


this must be considered as a rather crude approximation. 
Since the equations of articles 9 and ro are developed upon 
the assumption that the angle is restrained from bending, 
they are applicable in particular to pairs of angles riveted 
to opposite sides of a connection plate, but, as will be shown 
later, they may also be used in the design of single angles. 
Structural specifications are inclined to be both indefinite 
and unsatisfactory with reference to the requirements for 
connections. If any clause relating to this matter is included, 


* For exact work reduce the outside dimension of the leg by half the thick- 
ness of the angle. 
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it usually stipulates that each angle must be connected by 
both legs or that only one leg shall be considered as effective 
area. The results of tests indicate that the allowance of only 
one leg as effective area is too rigid a requirement, even 
though but one leg of the angle is connected; while on the 
other hand the use of a lug angle to connect the outstanding 
leg results in too liberal an allowance for the capacity of the 
angle. Eq. (40) furnishes a ready means for estimating the 
efficiency of angles used in pairs, and as already mentioned 
may be used for connections with or without lug angles. For 
an angle without lugs, 7; will become zero. For this case the 
author has computed the efficiency of those angles which are 
most used, the values for which are given in Tables IV and V, 
at the back of the book. In the same tables, there is given 
for each angle, the area which if entirely effective at the max- 
imum unit stress would be equal in strength to the connected 
angle for the computed efficiency. Also, the total allowable 
stress for a maximum unit stress of 16,000 pounds per square 
inch at the critical section is tabulated. 

In the case of a single angle attached to a connection plate, 
there may be nearly complete restraint parallel to the plate 
with but little restraint perpendicular to the plate. In this 
case bending and shear each have an effect, but within the 
limits of working stresses the effect of the longitudinal shear 

may usually be neglected. In the development of Eqs. (31) 
to (40), inclusive, it was assumed that the stréss at the center 
of the member was uniformly distributed. While this con- 
dition will be nearly fulfilled for angles in pairs, a single angle, 
with a small load, will be subjected to bending throughout its 
length, in which case the stress at the extreme edge of the 
outstanding leg will be less than the average stress, or may be 
of opposite sign. For the last-named case the stresses at 
the midsection may be as indicated in Fig. 10, in which fj 
represents the unit stress at the face of the connected leg and 
fo the unit stress at the extreme fibers of the outstanding leg. 
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At some distance 6 from f2, the horizontal shear will be zero, — 
and the stress which must be transferred by horizontal shear 
from the connected to the outstanding leg will be equal to 
the sum of the stresses between connected leg and the section 


e be assumed that the angle is restrained from 

| | bending until the horizontal shear necessary 

to transfer stress to the outstanding leg_has 

a occurred, then at the critical section the 

‘A moment arm tending to produce bending will 

Fic. 10. be the distance from the centroid of the 
stresses at the section to the line of action of 

the applied force in the connection plate. But, on account 
of the variation of the stresses across the section, due to 
the longitudinal shear, the centroid of the stresses will lie 


of zero horizontal shear. Furthermore, if it 


between the center of area of the section and line of action ~ a 


of the force in the connection plate. In other words the 
neglect of the horizontal shear for this condition will be 
partially counterbalanced by the reduction in the moment 


arm due to the shear, and designs may be made on the basis ~ 


of the bending and direct stresses. In this case for one 


angle in tension, the stress may be computed by Eq. (27), a 


or the efficiency for direct tension and flexure will be 


aT 
: ee a ak 5 eer’! 


in which #2=efficiency of a single angle for eccentric ten- 


sion; 

s=section modulus of the critical section for the 
given loading; 

A =area of section; 


e=eccentricity of the aed load at the critical 
section. 
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In using Eq. (41) the critical section will be at some 
distance from the extreme end of the angle. Hence, the value 
of e to be used will be less than that at the end section, due 
_to the deflection of the angle. Since this reduction in e 
may result in an appreciable increase in the value of Fo, 
its determination may be desired. In Fig. 11, e, represents 
the resulting eccentricity at the center, e is the eccentricity 


at the critical section, and e; is the eccentricity at the end. 
The maximum stress at the midsection in terms of ¢, is 


F Ae 
(=7(1444), Passe oes 


or in terms of e; it is 


a Fe 
it eres Re oy sie, Me Brein cic (43) 
s+— = 


KEz 


in accordance with Eq. (28), to which the reader is referred 
_ for nomenclature. 
Equating the values of f in Eqs. (42) and (43), 


a 
FI?’ 
LOK Eas 


c= (44) 


in which e; is eccentricity of the applied load at the end sec- 
tion, and the other values are as stated for Eq. (28). 

At the instant that the angle begins to deflect, the 
moment at every section is Fe; and the elastic curve, for 
this value of the moment, would be a parabola. As the load 

increases, the deflection at the midsection approaches zero 


— at 3 1 , ~ a vs i 
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as a limit, and if for this condition e be assumed propo 


L i : pars aioe 
tional to (4-s) , the resulting elastic curve will give e pro- 
2 ie 


n+2 “ 
portional to (4-x) , or the limit toward which the curve © 
2 


The significance of this may be appreciated by reference to. 
Fig. 12. The bending would all 


Q occur at the end of the unsup- 

F SS Q ; ported length, and the centroid of 
¥ | the stresses throughout this un-— 

Fig. 12. supported length would coincide — 


with the line of action of the 
applied forces. In reality this limit can not be reached, 
for some bending occurs throughout the unsupported length, 
and at any section this resisting moment must balance the 
moment which is equal to the resultant force F multiplied | 


i eae eee el ee 


Hie. 13. 


by the distance from the centroid of the stresses to the line of — 
action of the applied force. Evidently, the curve of the — 
neutral surface for the unsupported length of the angle will 
approximate the form of the parabola, and at the end of the 
unsupported length the maximum bending stresses will be 
developed. For an angle attached to a plate the section of — 
the sharp bend will be transferred to the connection plate — 
and will occur close to the end of the angle, as indicated in 
Fig. 13. Therefore, the curve throughout the length may 
ordinarily be taken as a parabola, for which the value of e 
in Fig, 11 becomes 


2 . 4 
e=e+4(e—e) (7-7) ) oy" ot eae (45) a 


.—l Se 


=e 
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‘in which e=eccentricity at the critical section; 
€,=eccentricity at the midsection; 
€1=eccentricity at the end section; 
x= distance from the end of the angle to the critical 
section; 
L=length of angle. 


. 


It is evident that for large stresses and for practically all 
cases of ultimate loads the condition indicated in Fig. 12 
will be nearly fulfilled and that the stresses at the critical 

section will tend to become identical with those which were 
determined in Art. 9. In this case the efficiency becomes 

» identical with the value derived for pairs of angles, as given 

in Eqs. (34) and (40). Of the two efficiencies which have been 
derived, one for the transfer of stress to the web and the other 

_ for the bending stress, the lower of the two should control in 
the design. As the load becomes large the value of e at the 
critical section becomes small, and the efficiency for transfer 
of stress becomes dominant. That value may, therefore, 
reasonably be used as a basis for design, for tension members. 

It may be of interest to compare some values obtained by 
experiment with the values for efficiency computed by Eq. 
(40). Table A contains a summary of the average values for 
tests made by Prof. F. P. McKibben and reported in Engi- 
neering News, Vol. 56, page 14, and Vol. 58, page 190. 

In studying the results for Table A, it should be. remem- 

_ bered that Eq. (40) is developed for a straight line relation of 
stresses at the critical section, whereas at the ultimate load 

the stress is not proportional to the deformation and that in 
this case it will cause the computed efficiency to be less than 
that observed for the tests. On the other hand, influences 
which produce bending parallel to the outstanding leg of the 
connection tend to make the efficiency obtained by experi- 

- ment lower than the efficiency computed by Eq. (40), which 
neglects this bending. On the whole the results obtained 
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TABLE A 


CoMPARISON OF CoMPUTED AND OBSERVED EFFICIENCIES OF Connneni0Ns 


Z FOR SPECIMENS TESTED BY Pror. McKissEen 

Main An@uzs.* Lua ANGLES. re peace rs 
3 apie 
: 2 Pep ee 
A + s 2 Remarks. > 
Els 8 a ace ; 
5 rs h | le | L’gth. iF Length. | Q x 3 Sa 
eoleb tel teak tie ete peel Ree On 
A MOU TS. oO 44) Ole | ae 5.33/1.20) 0} 1/69.4/68.0 
A, | 1) 38 | 33/54”) 1] 3} 3/0’-94” |6.92/1.35] 1] 1163.5/64.9 
TE Tay ee AO eel en 2 5.33]1.20) 0} 1/72.1|64.1 : 
Bo | 1) 38 | -4 |5-4’) 1) 3) 3/0’— 92716.92]1.35] 1) 1161.3164.1 
Saal covet Aaya (| ee 5.33]1.20] 0} 1/72.1/69.1 
Gr An eG yee Oe ib ceo 5.33]1.46] 0} 2)68.5] 70.5 c 
C, | 1) 4 | 6 5-4"! 1) 4) 311— 3” (7.83/2.37) 1] 2161.7|72.7 5 
ED 2 oe eae () | 5.33]1.37] 0} 1167.7|64.8 ‘ 
Dz, | 2) 3 | 3 5-4”! 2) 3) 3/0’-102’’/7.08/1.50] 1} 1154.3/66.4]_ 
A3 | 1) 3 | 33/54”) 1) 3} 3/0’-112” |7.25]1.52] 1! 1/58.1|74.9 
Ag} 1) 3 | 33/54”) 1) 3} 3/0’-113” |7.25]1.52| 1] 1158.1175.9 
As | 1} 3 | 33/5’-4”| 1) 3} 3/0’-112”17.83/2.37] 1] 1160.1 76. 4|Lo= 
B,| 1) 3 | 4 (5%4”) 1) 3) 30-112” 17.25/1.52] 1] 1161.5 ie 
B; |1) 3) 4 5-4" 11) 3) 30-112” 17.9511 59) 1) 1161.5 79.0 
Bs | 1) 3 | 4 5-4’) 1) 3) 310-112" 17.2511 .52! 1) 1161.5 OS 
B, |} 1) 3 | 4 (5-4! 1) 38) 310-112” 17.2111.50) 1] 1161.5 TAS) Ne 4 
Bs | 1) 3 |°4 |5’-4”) 1) 3) 3/011” |7.19]1.48] 1 1/61.5] 70.9 re 
Co TA 6 5471-0). 0) oe. 5.33}/1.51] 0} 1/79.7|'71.6 
Col N46 5470 ee 5.33]1.51] 0} 2168.7170.5 
Cs | 1) 4 | 6 |5’-4”| 1) 3) 41-1” ~=17. 49/2. 09] 0 2/68 .7|69.4 S 
IDEN A NS YN i 5.33}/1.37] 0} 1167.7168.9 A 
D, | 2} 3 | 3 \5’-4”") 2) 3) Bio” 17. 89h1. a3 4 1/55 .2|67-4 


na ee of metal for Di, D2, D3, and Ds was +5 inch, and for all other 
specimens ? inch, : 
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by computation appear to be sufficiently conservative to 
warrant the presentation of the method for practical use, until 
a better method shall be proposed. 

For a single angle in compression, the critical section for 
bending will be at the mid-length, the maximum stress may be 
computed by Eq. (28), and the efficiency for direct compres- 
‘sion and flexure will be 


demas ae Les eee Meche ot (42) 


ie KEz 


in which £3 =efficiency of a single angle for eccentric com- 
pression; 
s=section modulus of the critical section for the 
given loading; 
A =area of section; 
€=moment arm at the end section of the couple 
producing flexure; 
F =total applied force; 
7=length of member; 
K=a constant, for which the value 10 may be used; 
E=modulus of elasticity of steel, usually taken as 
either 29,000,000 OF 30,000,000} 
z=distance from the extreme fiber to a line through 
the center of area of the section and parallel 
to the neutral axis. 


The efficiency of the connection may be taken identical 
with the values given for tension, and if this is lower than the 
value obtained from Eq. (42), it should govern the design. 


TABLE I 


ELEMENTS oF ANGLES wiTH Equa Lzcs * 


' Size. 


Inches. 


8x8x1} 
8xX8X14 
8x8x1 
8x8 xis 
, 8X8xF 
8X8x#3 
8x8x3 
8x8xH 
8x8x§ 
8x8xz 
 8x8xt 


6x6xX1 
6x6 X18 
6x6xi 
6xX6x13 
6x6x? 
6x6xH 
6x6xs 
6xX6xX% 
6x6xX} 
6X6Xq 
6xX6x2 


Weight 
per 
Foot. 


Pounds. 


I =moment of inertia 
J =product of inertia 


r=radius of gyration 


Area 
of 
Section. 


In.? 


[- 


Axis 1-1 and Axis 2-2. Sar 
T —_ © J r min. 

In.4 In. In.3 In. In.4 In. 
OSFON E24 oe lisoe cee eod soelh LeoD 
O35) |) 2.48 1716..7 1) 2039 e427 |) Lebo 
SOOM. 4eel lone | eeeon oan Lal l5O 
84.3 | 2.44 | 14.9 | 2.34 | 49.6 | 1.56 
79.6 | 2.45 | 14.0 | 2.32 | 47.1 | 1.56 
74.7 | 2.46 | 13.1 | 2.30 | 44.2 | 1.57 
O97 | 2047 | 12527) 92528 a2 eae 
G46 2E4S T2226" 1238.38 (lens 
59.4 | 2.49 | 10.3 | 2.238 | 35.4 | 1.58 
54.1 | 2.50 2 a [fee lees Yes fa 5 
48.6 | 2.51 8.4 | 2.19 | 28.9 | 1.58 
35.5 | 1.80 8.67) 1886 | (20°65) 116 
33.7 | 1.80 8.1 | 1.84] 19.6 |} 1.16 
Sa Sl ate MeOr ale Sani el. Ge tale lg 
30.1 | 1.82 Vaca EL SOR Li cop kl dl 
28.2 | 1.83 Gada hace LOraaelrad 7) 
26.2 | 1.83 Gee Vero Loe LT 
24.2 | 1.84 Del \eheten ime eesn | ales ld 
22.1) 1.85 Slee ie cee locale els 
19.9 | 1.86 4.6 | 1.68 | 11.9 | 1.18 
DN GT Ube Aoi L6G. lO sone: 19 
15.4 | 1.88 3.5 | 1.64 9.2 | 1.19 


_ *The values of J were computed by the author. 
table are from the Carnegie Pocket Companion, and are used with permission of the 
Carnegie Steel Company. 
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The remaining values in this 
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TABLE I—Continued 
ELEMENTS oF ANGLES WITH Equa Lecs 


[e 


moment of inertia 


l= 


1 
3 idle Te 


2 j SSSERRRSLSPCASPRRRRXDDMQOD KARR 
ee 4 BE | SERIO OD OD HS RS I NIN be be Be Be Be eS to 
sie ~ | tocoescocecéic SPeeoeoseooooso oSooscsd 
SF Ua, RCC CONS TOES ash OH 1160) ICN Caco ea On POO 10 op YH 
oh ie es TSSPRPEHDHrMOOM HHHMMMNAN TY NNNANANA 
! 
nN ‘ 
SSH BRSLRSRA® SrwHHMnnWEHNE nion © 
“| « |g] SBS 88229998 RURRASSANS Heaeees 
2 fe Se Se en Se ee 
i 
< = 
Z Hf, | OM AOI AD wN OH CODWNOMM MO oH OO © 19 
ay ei 4 M[I A] Ow wit oomnn onnnannnniet ANNAN 
ion | a 7 
ee onlay 
BS val oH St SA Se Ta CI GR SH 1S 00 OO Set CY 80d sas, aa es 19 
one & RES ce pak ey aane Pow aD ROS mel eth I ed ag chic cg ewes et Su tye 
BO 
oO 
3 3 so ee PS 1GON CO) ne Ts COSCO Ir Poke NS er CON ee ne mOoOnNnMoOD 
ay | Pe Natta Sade ied Neg oe a 2  e 
che me fedesisety Si Soc Cacho es © O19 15 Vi 0d 09 15 15 i Hi i os 
Lal 
ea j 
a Re SSSR SSSrHMOn HH MH OMHDOH > 
te Bes |g | SB SYSSSRR SS SISSLRRSSH BSxeax 
ae “| Oornnoowig tH os ODD HHO OANA HH 19H to oo oO 
ee 3 EN SE O50) SON 69 09 > 1 SIS a9 00 o 00. CY KO HOMO HH 
photo GOO BA tO eo 1 OH eG Ned wna all oad Ka ce ee 
& ip é CONNANANANA TRA HY i SCS 
je olSy 
1 0 ° 
I ! eo mio io 
ARSE ° 
| > Z l ms Ble Boo Ai colt lh 1p |a0 af rica Hs e2|90 lee On| ial An|oo of$ Ain ch 9/00 ofS ri oe NX - Rie i ris 
| 8 a IK 08 OK OK ORK ROK SK SS Oe ee a TIS lea HI lca Il Hilee 
— ou B | 29 29 29 19 29 19 19 19 19 19 19 VRB HAH sw cso oO oo as 
on ROE SC KI OSCE SONS KKK EX 
ee 1D 19 19 19 19 19 29 19 19 19 19 RESETS HE HIESHI HH cH cice in et mig cin oes 
C2 09 OD cD OD OD 
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TABLE I—Concluted 


ELements or ANGLES witH Equat Leas 


T=moment of inertia 
J =product of inertia 


r=radius of gyration i +i 

Axis 1-1 anp Axis 2-2. ee 

} Weight | Area : 

- Size. * per of 

.: Foot. |Section. ii 

I r Te x J r min. 

Inches. Lbs. In.? In.4 In. In.3 In. In.4 In. 

; 34X34 Xie 9.8 | 2.87 | 3.3 Ove ie Les 1.04] 1.9 | 0.68 

em 34X34X2 g.5|2.48|2.9 |1.07|1.2 | 1.01] 1.7 | 0.69 

a 34X34 X35 7.2 | 2.09 | 2.5 1.08 | 0.98 | 0.99 | 1.5 | 0.69 

4 84X33 Xz 5.8 | 1.69 | 2.0 1.09 | 0.79 | 0.97 | 1.2 | 0.69 

Boo lCe 11.6 | 3.36 |) 2.6 | 0.88] 1.32)) 0-98.) 1.5 0.57 

8x3x% '10.4 | 3.06 | 2.4 | 0.89) 1.2 | 0.95 1.4, | 0.58 

BeCOKs @ 4 9.76 2,2) | 0.90.) 4154 0.98 1.3 | 0.58 

BxXo X65 8°39 12.48 | 2-0 | 0.91} 0.95 | 0.91 TODS 

a 3xX3xFt 7.2|2.11|1.8 | 0.91 | 0.83 | 0.89 1.0 | 0.58 

ped 3X3 Xie 6.1 | 1.78 | 1.5 | 0.92 | 0.71 | 0.87 0.87 | 0.59 

i 3X3xX} 4.9 | 1.44 | 1.2 | 0.93 | 0.58 | 0.84 | 0.75 | 0.59 

21x24 X4 7.7 | 2.25 1.2 0.74 | 0.73 | 0.81 | 0.68 | 0.47 

2124 Xa% 6.8 | 2.00 | 1.1 | 0.75 | 0.65 | 0.78 0.62 | 0.48 

24 X24 XF 5.9 | 1.73 | 0.98 | 0.75 | 0.57 0.76 | 0.57 | 0.48 

B  24X25 Xa 5.0 | 1.47 | 0.85 | 0.76 0.48 | 0.74 | 0.49 | 0.49 

‘ 24X24 X% 4.1 | 1.19 | 0.70 | 0.77 | 0.39 0.72 | 0.41 | 0.49 

24%21Xis 3.07| 0.90 | 0.55 | 0.78 | 0.30 | 0.69 0.32 | 0.49 

24X25 Xs 2.08| 0.61 | 0.38 | 0.79 | 0.20 0.67 | 0.23 | 0.50 

2x2XdTs 5.3 | 1.56 | 0.54 | 0.59 | 0.40 0.66 | 0.30 | 0.39 

2x22 4.7 | 1.36 | 0.48 | 0.59 | 0.35 0.64 | 0.27 | 0.39 

P 2x2Xi5 3 92| 1.15 | 0.42 | 0.60 | 0.30 0.61 | 0.24 | 0.39 

a 2*x2x}°* 3.19] 0.94 | 0.35 | 0.61 | 0.25 0.59 | 0.21 | 0239 

; ' 2X2%35 2.44| 0.71 | 0.28 | 0.62 | 0.19 0.57 | 0.16 | 0.40 

“1 2X2X% 1.65| 0.48 | 0.19 | 0.63 | 0.13 0.55 | 0.11 | 0.40 
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TABLE IIL. c 

CoorDINnaTESs oF Section Moputus PoLtyGons For ANGLES :, 
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Size of 
Angle. Zao | Yad | Xbe | Yoo | Lea | Yea | Lae | Yae | Lea | Yea 
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SCOneLe 9.45) 9.45/10.25 17.53 40 .66|23.78 23.78 40.66 17.53 10.25 > 
8x<8xX1 8.66) 8.66) 9.25 15.81/37 .55 21.98/21 .98 37.55 15.81] 9.25 a 
8X8XF 7.67| 7.67) 8.29)14.01/34.31 20.30)20.30 34.31 14.01} 8° 29-38 
8x8x? 6.80} 6.80] 7.20]12.18)30.57|18 .07\18 .07|\30.57)12.18] 7.20 
8X8X#3 5.76! 5.76) 6.13)10.29/26 .64/15 .87)15.87|26.64/10.29) 6.138  — 
8x8XF 4.78] 4.78) 4.97) 8.36/22 .19/13.20\13.20)22.19! 8.36] 4.97 = 
8x6xX1 7.95] 4.91) 7.47| 8.92/30.49/12.26/19. 70/23 .51/15.39| 6.07 
8x6xF 7.33) 4.47) 6.65) 7.95/27 .70)11.19)18.14/21.68/18.41) 5.42 ~ 
8x6x2 6.36] 3.79) 5.86! 6.91/24.77|10.16,16.67|19.68)11.65] 4.78 
8xX6xX3 5.56) 3.27) 4.96) 5.87/21.47) 8.81/14.60)17.30) 9.87) 4.05 
8x6x4 4.57| 2.66) 4.06) 4.79]17.39) 7.45|12.52/14.76) 8.01) 3.83 4 
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Senet 6.76) 2.15] 4.50) 3.02/20.88 3.6612.61 8.48/13.71| 2.40 a 
SKK A 6.15} 1.73) 4.11) 2.70|19.04) 3.46)12.41) 8.16]/12.17| 2.21" @ 
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